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論 文 内 容 要 旨          
3D integration technologies are promising approaches to overcome the interconnect-related problems of conventional LSIs. 
Using 3D integration technologies, various kinds of LSIs with various sizes, devices, and materials can be integrated into one 
chip, with TSVs. In addition, the structures of 3D stacked LSIs are suitable for parallel processing and multi-functional 
heterogeneous integration. A promising candidate, among 3D integration technologies, to achieve 3D integration with high 
production throughputs, high yields, and high flexibility in the sizes of stacked chips, is the chip transfer-stacking based MCtW 
3D integration technology using self-assembly. 
In Chapter 2, the chip transfer-stacking based MCtW 3D integration using self-assembly was demonstrated in the production 
of a heterogeneous integrated 3D sensor system, a 3D-RP chip. This chip is an electronic device to restore the visual perception 
of patients with age-related macular degeneration or retinitis pigmentosa, and is composed of an image sensor, a signal 
processing circuit layer, and a stimulus current generator circuit layer with stimulus current electrodes. These layers are 
electrically connected through TSVs, and integrated with 3D integration technologies. The photodiodes in the top layer convert 
incident light into electrical signals, these signals are delivered to the signal processing circuit in the next layer of the chip, and 
the stimulus current generator generates corresponding stimulus current pulses which will then stimulate the remaining retinal 
cells via a stimulus electrode array. Consequently, visual information is propagated to the brain, and patients can recognize light. 
The retinal prosthesis has several advantages: free eye movement, high resolution, and multiple functions such as visual 
information processing. Using MCtW 3D integration, 3D-RP chips with 37 × 37 pixels were successfully fabricated with 
electrical interconnects between the 1st photoreceptor and the base stimulus current generator chips, and their electrical 
properties were measured with the relation between light illuminance and stimulus current frequency. From there and the 
ensuing discussions concerning further developments of 3D-RP chips, a requirement emerged for 3D-RP chips with 138 × 138 
pixels, capable of restoring visual perception to blindness patients with higher levels of QOL, a case for which the fabricated 37 
× 37 pixels 3D-RP chips have insufficient resolution. In addition, the relations between pixel size and number of pixels were 
established, indicating that the pixel size, vertical interconnection pitch, TSV pad size, and bonding alignment accuracy were 
required to be smaller than what is feasible with conventional technologies. To achieve these smaller sizes and accuracy, three 
main serious issues in the conventional technologies of chip transfer-stacking based MCtW 3D integration using self-assembly 
were discussed. The first issue is misalignment of self-assembled chips due to external forces resulting from handling and 
temporary bonding processes. Because the self-assembled chips are only placed and not tightly fixed on carrier wafers, they are 
easily shifted by external forces resulting from handling processes (including temporary bonding); as a result, chips become 
misaligned. A maximum admissible acceleration of 3.2 m/s2 was calculated, to ensure that the self-assembled chips remain 
fixed on the conventional carrier wafer; however, the maximum acceleration resulting from handling processes is 
approximately 5.1 m/s2. The second issue is the inability of temporary adhesives to sustain high temperatures. Because of the 
low thermal stability of the temporary bonding/debonding systems used in MCtW 3D integration, the alignment accuracies of 
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the chips bonded to the support wafers with the adhesives are deteriorated by the thermal stresses applied during CVD 
processes. With CVD processes performed at 200 °C, the chips suffered a maximum shift of approximately 7 µm. In addition, 
because of high process temperatures above 350 °C, SA-CVD capable of uniformly depositing SiO2 layers inside high aspect 
vias has not been adopted in the use of organic temporary adhesives for 3D integration using the typical via-last/back-side via 
TSV formation scheme. The third issue is difficulties in fine-pitch interconnect formation. In the MCtW 3D integration process, 
three-dimensionally stacked LSIs are electrically connected through microbump joints, and the microbump joining with a 
bonding pitch below 10 µm is still a challenging task because of the difficulties in injecting capillary underfill resins into small 
gaps between fine-pitch microbumps. To overcome these issues and attain target values for the production of 3D-RP chips with 
138 × 138 pixels: 10-µm vertical interconnection pitch, 5-µm bonding alignment accuracy, and a 2-µm TSV size, three 
requirements were established: a method to fix self-assembled chips on carrier wafers, a highly thermoresistant temporary 
bonding/debonding system, and a fine-pitch interconnection method between the different stacked chip layers of 3D LSIs in 
MCtW.  
In Chapter 3, SAE technology was proposed, as a viable method to increase the alignment accuracies of MCtW 3D 
integration based on transfer stacking. A fabrication process flow of bipolar SAE carriers was established, and SAE carriers 
were successfully fabricated. Applying DC voltages between the bipolar electrodes of the SAE carriers, self-assembled KGDs 
were electrostatically fixed on the carrier. The electrostatic adhesion force remains even after disconnecting their power sources. 
Using the fabricated SAE carriers, their KGD fixation properties were evaluated. This evaluation shows that the electrostatic 
adhesion strength increases gradually with the increase in applied voltage: the maximum adhesion strength was approximately 
4 kPa at 500 V. Using this adhesion strength, the maximum admissible accelerations were calculated, for each applied voltage. 
The obtained results indicate that KGDs can be fixed on the SAE carrier and support the subsequent handling processes 
without detaching if the voltage applied to the bipolar electrodes is equal to (or greater than) 100 V, even if high acceleration 
linear stages with the maximum acceleration of 58.8 m/s2 are used. The duration of the adhesion strengths of the 
self-assembled KGDs after disconnecting the power source was also evaluated, measuring the potential difference between the 
electrodes. This potential maintained approximately 90% of the initial value up until 15 min after power disconnection, if DC 
voltages of 200 V or above were applied to the bipolar electrodes, and approximately 81% of the electrostatic adhesion force 
was retained 15 min after disconnection of the power source. These KGD fixation properties suggest that the electrostatic 
adhesion is enough to temporarily fix KGDs on the SAE carriers and maintain high alignment accuracies obtained by 
self-assembly for at least 15 min after the DC voltage applied to the bipolar electrodes has been disconnected. In addition, the 
ESD damages caused by electrostatic fixation of self-assembled KGDs were evaluated with electric field simulations using 
FEM. The simulation results indicate that KGDs with silicon thicknesses beyond 10 µm can be electrostatically fixed on SAE 
carriers with applied voltage of 500 V or less without any ESD damage. Using the SAE carriers, a chip transfer-stacking based 
MCtW 3D integration using an SAE carrier was proposed and demonstrated, and nine KGDs with 1-µm thick Cu wirings and 
10-µm high Cu/SnAg microbumps were processed through the via-last/back-side via 3D integration scheme, and Cu-TSVs 
and Cu/Sn microbumps were fabricated in KGDs thinned down to approximately 30 µm. The self-assembled KGDs were 
tightly fixed on the SAE carrier, and the KGDs were transferred to another support wafer, while keeping alignment accuracies 
within ± 5µm in both X and Y directions. These results show the feasibility of the chip transfer-stacking based MCtW 3D 
integration processes with self-assembled KGDs with high alignment accuracies. These high alignment accuracies can foster 
dramatic increases in the production yields of chip transfer-stacking based MCtW 3D integration approaches with fine-pitch 
and high-density microbump bonding. 
In Chapter 4, combining SOG bonding with a-Si:H debonding using laser ablation, a new highly thermoresistant temporary 
bonding/debonding system was proposed and evaluated to support high temperature processes in chip transfer-stacking based 
MCtW 3D integration. Using the new system, a multichip SOG bonding process was demonstrated, and the shear bonding 
properties were evaluated by a bond tester. These results show that chips were successfully bonded to a quarts glass support 
wafer having a 100-nm thick a-Si:H layer. All the chips were tightly bonded to the support wafer with a shear bonding strength 
above 4 MPa. From the bonding strength measurement, the average shear bonding strengths of the chips with and without Cu 
wirings were determined to be 9.6 MPa and 8.7 MPa, respectively. It is noteworthy that the chips with the wirings could be 
tightly bonded to the glass wafer through the SOG. Therefore, the KGDs bonded to a a-Si:H layer deposited on glass support 
wafers through an SOG layer can endure harsh environment like grinding and the CMP processes used in typical MCtW 3D 
integration. Using the chips bonded on the support wafers, the chip debonding properties were also evaluated, irradiating the 
a-Si:H layer with a 248 nm KrF excimer pulse laser. With scan speeds in the range of 0.1–2.0 mm/sec, KGDs were 
successfully debonded from the support wafer by the laser irradiations with laser energy densities of (or above) 150 mJ/cm2, 
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irrespective of the scan speeds. These evaluations suggest that the SOG and a-Si:H layers can be used for the highly 
thermoresistant temporary bonding/debonding systems. In addition, the chip transfer-stacking based MCtW 3D integration 
process using SAE carriers and SOG/a-Si:H temporary bonding/debonding technologies was experimentally demonstrated. In 
this advanced 3D integration approach, high temperature CVD processes were used for the formation of TSV liner dielectrics 
and passivation layers. The demonstration shows that the chips were accurately self-assembled on the SAE carrier, and the 
high-precision alignment was kept after TSV and the subsequent back side metallization processes. The KGD alignment errors 
caused by the high temperature CVD process the alignment errors were kept almost within ±1 µm. These results suggest that 
the proposed temporary bonding system can be adopted to chip-transfer stacking based MCtW 3D integration using SAE 
carriers with high-temperature CVD processes, above 350 °C, keeping high alignment accuracy. 
In Chapter 5, the MCtW direct bonding technology was discussed and proposed as a method to obtain fine-pitch 
interconnections in chip transfer-stacking based MCtW 3D integration using SAE carriers. To evaluate the effect on bonding 
strength of SiO2 types and plasma sources for surface treatments, wafer-to-wafer direct bonding processes were demonstrated 
under several conditions, and their bonding strengths were evaluated by the crack opening method. The SiO2 surfaces were 
treated by a plasma irradiation with Ar or N2 and the subsequent water dipping. The obtained results show that the surface 
energies of the bonded wafers irradiated with N2 plasma were slightly higher than that with Ar plasma. Therefore, N2 plasma is 
more effective than Ar plasma to obtain high bonding qualities in oxide/oxide direct bonding processes. Using the surface 
treatment of N2 plasma irradiation, simultaneous multichip-to-wafer direct bonding was demonstrated, and the bonding 
strengths were measured using thermal SiO2 or PE-CVD SiO2 with the plasma irradiation and the subsequent water dipping 
process. As a result, it was found that the average shear bonding strength between the thermal oxide wafers was 18.3 MPa, 
whereas the average strength between PE-CVD oxide wafers was 14.0 MPa. These results show that the shear bonding 
strengths between wafers/chips having a thermal oxide layer were higher than those having a PE-CVD oxide layer on one side 
or both sides. The results also show that the application of multichip-to-wafer direct oxide-oxide bonding technologies to 
transfer stacking based 3D integration using self-assembly is a promising technique. To investigate the effects of both N2 
plasma irradiation and water dipping processes on direct bonding strength, three types of surface treatment were performed on 
the surface of PE-CVD SiO2 layers deposited on silicon wafers: water dipping, N2 plasma activation, and both N2 plasma 
activation and water dipping. The strongest average shear bonding strength was 19.5 MPa, for the N2 plasma activation and 
water dipping condition. The conditions with only water dipping and with only N2 plasma activation resulted in the also high 
average strengths of 13.1 MPa and 6.8 MPa, respectively. These results show that the wafer surface treatment with N2 plasma 
irradiation and subsequent water dipping contributes to enhance the oxide/oxide direct bonding strengths. Additionally, to 
evaluate the bonding uniformity on the whole bonding area of the chips used in multichip-to-wafer direct bonding, a dicing test 
was performed to singulate the 5 mm2 bonded chips into 1 mm2 ones. The obtained results suggest that N2 plasma irradiation 
both increases the bonding yields and strengthen multichip-to-wafer direct bonding between wafers with a CMP-treated 
PE-CVD oxide layer. To evaluate the relation between N2 plasma irradiation and the water storage properties of the SiO2 layers 
used for direct bonding, the amounts of H2O content in the SiO2 layers with/without N2 plasma irradiation were measured with 
APIMS. The obtained results show that water storage in the SiO2 surfaces is higher with N2 plasma irradiation than without it, 
suggesting that the plasma treatment is effective to obtain the high water content surfaces. This is probably because the surface 
roughness is increased by the plasma treatment, thus creating larger SiO2 surface areas, with the resulting increase in the 
amounts of surface water. It is also possible that nanovoids created by plasma irradiation contribute to the high water 
reservation property of the SiO2 surfaces. These evaluations show that the proposed MCtW direct bonding technology using 
plasma-assisted direct bonding with N2 plasma irradiation followed by water dipping has high potential for fine-pitch 
interconnect formation is chip transfer-stacking based MCtW 3D integration using self-assembly. 
As a result of this work, chip transfer-stacking based MCtW 3D integration using self-assembly was successfully 
demonstrated for the production of heterogeneous integrated 3D sensor systems. To support the development of 3D sensor 
systems with smaller pixels and higher pixel densities than those achievable with conventional technologies, three new 
technologies for MCtW 3D integration were proposed and evaluated. Using the MCtW 3D integration based on the new 
technologies, heterogeneous integrated 3D sensor systems with higher performances than the conventional one can be 
produced. 
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